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Saccades are the eye movements we
make to look at objects. Apart from
being astonishingly fast, often lasting
little more than 20 milliseconds, they
also happen to be the single most
frequent movement we make, much
commoner than heartbeats: we make
two or three saccades every second of
our waking lives. Saccades determine
what we see, so their importance can
hardly be exaggerated.
The neural system that generates
saccades has a particular interest as
well. Because it is relatively simple,
with inputs that can easily be
manipulated and outputs we can
measure with precision, our
knowledge about how oculomotor
signals are processed by specific
neural structures is more quantitative
and exact than for any other
comparable part of the brain. In
addition, it is a system that actually
does something, a system with an
output as well as an input — a
microcosm of the brain itself. Like
the brain, this system has a natural
functional hierarchy that is reflected in
its structure. The hierarchy extends
from local control of the forces
generated by individual muscles at the
lowest levels, through the mechanisms
for locating objects and directing
movements towards them, to the
highest level, at which decisions are
made to move or not to move.
The lowest level: how?
While the eye is in motion it is
effectively blind, so saccades have to
be extremely fast. Yet because of
friction and internal viscosity, the
eyeball and the muscles that move it
are intrinsically sluggish. If an
oculomotor muscle suddenly increases
its tension from one steady level to
another, the eye may take almost half
a second to reach its new equilibrium
position. This means that a saccade as
brief as 20 milliseconds cannot be
generated simply by a step change in
the activity of a muscle or the nerve
fibres that innervate it. Recordings
from oculomotor nerves during
saccades show that something much
more sophisticated occurs (Figure 1).
During the saccade, they fire in a
burst of maximal frequency, throwing
the eye into its new position; the
firing then settles down to the new
rate required to hold it there.
This complex pattern of activity is
created when signals from two
different types of neuron in the
neighbouring brainstem meet at the
motor neuron. Burst units fire in a
rapid burst during saccades in a
particular direction, while the activity
of tonic units changes from one steady
level to another in a way that reflects
the position of the eye itself at any
moment. The tonic units seem to be
driven by the burst units via a neural
integrator, which for horizontal
movements lies in an obscure region
nearby in the brainstem — the
nucleus prepositus hypoglossi. The
burst units, in turn, are under the
control of another group of cells called
omnipausers. At rest, they fire
continuously at a high frequency; but
during a saccade they pause for
exactly the duration of the movement,
whatever its direction, thus
determining its size (Figure 1c,d).
The intermediate level: where?
What guides a saccade on to its
target? When we look at something,
we cannot simply go on moving our
eyes until we see that we have got
there. Vision is slow, with reaction
times of the order of
200 milliseconds, so that by the time
we had worked out that we had
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Figure 1
(a) Saccades made spontaneously in viewing
a photograph (left). The darker, more
concentrated areas of the traces (right)
represent periods of fixation, the lighter parts
represent the saccades themselves, moving
the eye from one visual feature to another
(from Yarbus A.L.: Eye movements and Vision.
New York: Plenum; 1967). (b) Six saccades
made in response to the sudden appearance
of a visual target of size 10°. The stereotyped
nature of the movement, its speed, and the
random variation of its reaction time or latency
are all apparent. (c,d) Saccades of two
different amplitudes, and the corresponding
patterns of firing of motor neurons, burst units,
tonic units and omnipausers.
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arrived at a target we would have
overshot by a factor of 10 or so. The
solution to this problem lies in a
fortunate fact about the eye: its
muscles never have to carry an
external load. Consequently, the
oculomotor system can, in principle,
work out where the eye is pointing at
any moment simply by monitoring
the command signals being sent to
the muscles, a process known as
efference copy. If we imagine an
overall trigger signal that initiates a
saccade by turning the omnipausers
off, all that is needed is for them to be
turned on again as soon as efference
copy — which can be supplied, for
instance, by the tonic units in the
brainstem — tells us that the eye
ought to be in the right place.
Recent evidence suggests that
this process may be going on in the
superior colliculus (SC), a layered
structure at the top of the brainstem
that is both sensory and motor. The
superficial layers of the SC contain
neurons that respond to visual stimuli
at different places in the visual field,
and are arranged in a systematic if
somewhat distorted map. It is
immaterial what kinds of stimuli are
received, as these neurons are
indifferent to both colour and shape.
Collectively, the collicular neurons
have rather large receptive fields that
taper off at the edges, so that a target
will generate a relatively diffuse ‘hill’
of neural activity (see Figure 2).
Deeper layers of the SC are motor,
and stimulation here, at a site
corresponding to a particular visual
location, will normally evoke an eye
movement that brings the gaze to the
same spot in the outside world. Many
neurons here, called long-lead
bursters, show activity long before
saccades to particular locations. At
the rostral pole, the region of the SC
that corresponds to the fovea of the
eye (the high acuity region of the
central retina), the behaviour of the
neurons is different. Like the
brainstem omnipausers, to which
they project, these fixation cells fire
rapidly while a target is being fixated,
and pause during a saccade.
There is a compelling model for
how the SC generates pauses of just
the right duration to make the eye
land accurately on its goal. The model
proposes that when a new target
appears in the visual periphery, it
activates a corresponding collicular
region, but inhibits the fixation cells;
as a result the omnipausers are turned
off too, and the saccade begins.
Meanwhile, efference copy is sent
back to the SC, where it moves the
hill of neural activity towards the
fixation region, in correspondence
with the simultaneous movement of
the eye itself. When it finally reaches
the fixation region at the rostral pole,
the omnipausers are turned on again,
and the eye stops in its
tracks — hopefully at the correct
place. Thus the SC acts as a sort of
neural arena, a virtual theatre in
which the drama of the eye pouncing
on the target is acted out in real time.
Attractive though such a model is,
the picture it paints of the SC is in
one respect much too simple.
Although such a robotic mechanism
might work when a subject is
tracking single lights in a darkened
room, the real world is crammed with
potentially eye-catching visual
objects, any one of which might be
an appropriate target for a saccade.
Although the SC may provide an
efficient mechanism for creating the
command needed to move the eye to
any particular location in space, it has
neither the neural machinery nor the
information needed for deciding
which of all the possible targets is
worth looking at in the first place.
The highest level: what?
Location and recognition, where and
what, are distinct visual functions,
with largely specific neural pathways
dedicated to them. Of the fibres
coming from the retina, some go to
the SC, mediating the localization of
visual targets; others project through
the lateral geniculate nucleus to the
visual cortex. Here, the visual image
starts to be broken down into its
constituent features — lines, edges
and so on — and visual recognition
continues in a stream that proceeds
with increasing specificity towards
the temporal region of the cerebral
cortex, where cells have been
described that fire in response to
particular aspects of the visual world,
such as faces and eyes. This process
of recognition is, of course, necessary
before we can decide whether to look
at one object rather than another.
Meanwhile, the SC itself is kept
under a blanket of inhibition by
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Figure 2
(a) A schematic map of the superior colliculus
of a macaque, showing a diffuse pattern of
activation — a ‘hill’ of activity — in response to
a localized stimulus. (b) A hypothetical
mechanism by which the movement of such a
hill, driven by efference copy, could determine
the timing and hence the amplitude of a
saccade through internal feedback.
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tonically active inhibitory fibres
projecting down from a region of the
midbrain known as the substantia
nigra pars reticulata (SNPR). This
in turn is influenced indirectly by
several areas of the cerebral cortex,
of which the area called the frontal
eye field (FEF) is most specifically
saccade-related. The input to the
FEF comes from many parts of the
cortex, including the areas that are
activated by the recognition of
specific visual targets. When these
higher levels have selected a target
for a saccade, the blanket inhibition
is lifted briefly and locally,
permitting the collicular
mechanisms to generate an
appropriate saccade.
Some units in the FEF are
essentially sensory, responding to
visual stimuli that meet some
pre-defined requirement for being a
target. Other units in the FEF have
saccade-related activity that increases
linearly during the
100–200 milliseconds before a
saccade. The characteristics of this
build-up are similar to what can be
deduced from behavioural studies of
saccades, and seem to reflect, or
embody, the decision process itself.
The initial level of this decision signal
can be regarded as representing an
expectation of response to the target
being present; it rises in response to
incoming information about the
existence of the stimulus, until it
reaches a relatively fixed criterion
level at which the saccade is initiated.
On different trials the rate of increase
in the decision signal seems to vary
randomly, resulting in the extremely
unpredictable latency that is
characteristic of saccades (and,
indeed, of other voluntary
movements). This randomness of
reaction times may well have
evolved to discourage stereotyped
behaviour of a kind that could be
disadvantageous in predator–prey
relationships. It might even underlie
the sense of ‘free will’.
So, there we are: a system that
extends seemlessly from cortex to
motor neurons, from voluntary
decisions to eye mechanics. It’s also a
system that can teach us, perhaps,
how to understand more complex
motor systems, such as those that
guide our hands; both systems, in the
end, are about reaching and grasping.
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Figure 3
Schematic representation of some of the
main features of the saccadic control
system. Visual recognition and localization
information project respectively to the
superior colliculus (SC) and to cortical
areas (CX); the SC also receives internal
feedback of efference copy information. The
blanket inhibition of the SC descending
from mid-brain structures (basal ganglia,
BG, and substantia nigra pars reticulata,
SNPR), and is lifted locally when a suitable
stimulus is identified, permitting the SC in
turn to give permission to the brainstem
circuits to create the required pulse-step
pattern of activity in the oculomotor
muscles. To the left, typical patterns of
activity during a saccade are shown
schematically. LLB, long-lead burst units; B,
burst units; I, integrator; T, tonic units; M,
motor neurons.
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